The p53 tumour suppressor phosphoprotein associates with proteins involved in DNA replication, transcription, cell cycle machinery and regulation of its own expression. Recently it has been shown that p53 can also bind to trk A tyrosine kinase which is the receptor for nerve growth factor (NGF). This study demonstrates that p53 appears to associate with trk A via c-abl. Endogenous cabl was detected when the trk A and p53 complex was immunoprecipitated from lysates of NGF stimulated NIH3T3 cells expressing trk A or NIH3T3 cells expressing trk A and a temperature sensitive p53 (val 135). Endogenous c-abl and trk A association was observed in NGF stimulated p53 negative ®broblasts transfected with trk A alone; suggesting that c-abl can independently bind to trk A in the absence of p53. Interestingly, association between endogenous p53 and trk A was not detected in NGF stimulated abl negative ®broblasts transfected with trk A or when these cells were exposed to gamma radiation. This result suggests that p53 preferentially binds to trk A in the presence of c-abl and that p53 and trk A do not appear to associate directly even if p53 is activated and its levels increased by gamma radiation. Overall, these data suggest that cabl is possibly acting as an adaptor or bridge between p53 and trk A. Oncogene (2000) 19, 3032 ± 3040.
The p53 tumour suppressor phosphoprotein associates with proteins involved in DNA replication, transcription, cell cycle machinery and regulation of its own expression. Recently it has been shown that p53 can also bind to trk A tyrosine kinase which is the receptor for nerve growth factor (NGF). This study demonstrates that p53 appears to associate with trk A via c-abl. Endogenous cabl was detected when the trk A and p53 complex was immunoprecipitated from lysates of NGF stimulated NIH3T3 cells expressing trk A or NIH3T3 cells expressing trk A and a temperature sensitive p53 (val 135) . Endogenous c-abl and trk A association was observed in NGF stimulated p53 negative ®broblasts transfected with trk A alone; suggesting that c-abl can independently bind to trk A in the absence of p53. Interestingly, association between endogenous p53 and trk A was not detected in NGF stimulated abl negative ®broblasts transfected with trk A or when these cells were exposed to gamma radiation. This result suggests that p53 preferentially binds to trk A in the presence of c-abl and that p53 and trk A do not appear to associate directly even if p53 is activated and its levels increased by gamma radiation. Overall, these data suggest that cabl is possibly acting as an adaptor or bridge between p53 and trk A. Oncogene (2000) 19, 3032 ± 3040.
Keywords: c-abl; phosphorylation; p53 and trk A association; c-abl and trk A association The p53 tumour suppressor gene encodes a 393 amino acid protein which possesses ®ve conserved regions, an N-terminal transcriptional transactivation domain, an SH3 domain, a speci®c DNA binding domain, a Cterminal oligomerization domain, and a basic domain (for review see Amundson et al., 1998; Prives and Hall, 1999) . p53 is a transcriptional activator which exhibits cell cycle-dependent localization, it moves from the cytoplasm to the nucleus at S phase and returns to the cytoplasm as cell division progresses to G1 (Shaulsky et al., 1990; Zerrahn et al., 1992) . Overexpression of p53 can induce cell cycle arrest at the G1 and G2/M phases (Aloni-Grinstein et al., 1995; Michalovitz et al., 1990) , and promote apoptosis or dierentiation (Shaulsky et al., 1991; Montano, 1997) .
p53 functions, such as transcription, are dependent on its ability to bind to proteins (Prives and Hall, 1999) . Mutated and wild type p53 associate with several proteins, including TBP (Seto et al., 1992) , RPA (Dutta et al., 1993; He et al., 1993) , p300 (Lill et al., 1997 ), 14-3-3 (Waterman et al., 1998 and PKC (Baudier et al., 1992) (reviewed in Prives and Hall, 1999) . Importantly, regulation of p53 also takes place through protein interactions. p53 is regulated by associating with MDM-2 . MDM-2 blocks binding to downstream eectors and targets p53 for nuclear export and ubiquitin-mediated degradation (Haupt et al., 1997; Kubbutat et al., 1997; Bottger et al., 1997) . When cells are subjected to stresses such as ionizing radiation, and hypoxia, the p53-MDM-2 interaction is disrupted, leading to p53 stabilisation which in turn results in increased protein levels (Kubbutat et al., 1997; Haupt et al., 1997) .
trk A is a 140 kD membrane spanning receptor tyrosine kinase. It is a member of the receptor tyrosine kinase family that includes the related genes trk b and c as well as several isoforms (reviewed in Barbacid 1993) . It is the high anity receptor for nerve growth factor (NGF) (Kaplan et al., 1991b; Klein et al., 1991) . NGF is required for the survival and dierentiation of sympathetic and sensory neurons (Barde, 1989) . It can also promote the dierentiation of PC12 cells to acquire characteristics of sympathetic neurons (Green and Tischler, 1976) . PC12 cells have been useful as a model to investigate cellular dierentiation induced by NGF and ®broblast growth factor (FGF) (Green and Tischler, 1976; Halegoua et al., 1991) as well as proliferation induced by epidermal growth factor (EGF) (Greene and Tischler, 1976) . NGF stimulation induces receptor dimerization and autophosphorylation on tyrosine (Kaplan et al., 1991a,b) , which in turn induces a signalling cascade (reviewed in Kaplan and Miller, 1997) . In the case of human trk A, positions Y490 and Y785 appear to be the most important for biological function, and it is at Y785 that it binds to PLCg-1 and at Y490 to shc (Obermeier et al., 1993a,b; Stephens et al., 1994) . shc binding to trk A initiates signal transduction through the ras pathway (Nakamura et al., 1996) . However, recent analyses have proposed that shc might play a dual role. There are data suggesting that PI-3K does not bind directly to trk A, but probably through shc since mutation of Y490 aects the level of PI-3K activation when cells are stimulated by NGF (Ashcroft et al., 1999; Hallberg et al., 1998) . trk A can also bind to several proteins which include shp-1, shp-2 (Vambutas et al., 1995; Goldsmith and Koizumi, 1997) , Chk (Yamashita et al., 1999) , Aps and SH2-B (Qian et al., 1998) , but the signi®cance of these associations needs to be de®ned.
The c-abl non-receptor tyrosine kinase is a multifunctional protein implicated in the response to DNA damage, where it plays a role in cell cycle arrest, DNA repair, and apoptosis (reviewed in Kharbanda et al., 1998) . It can be found in the nuclear and cytoplasmic compartments of the cell. There is evidence to suggest that in ®broblasts, c-abl shuttles between nuclear and cytoplasmic compartments in response to cell adhesion (Lewis et al., 1996; Taagepera et al., 1998) . In addition, c-abl appears to be involved in cytoskeletal events, with much of the cytoplasmic pool associated with actin .
c-abl is reported to interact with several proteins including PI-3K (Yuan et al., 1997a) , PKCd , Abi-1, Abi-2 (Dai and Prendergast, 1995; Shi et al., 1995) and p73 (Agami et al., 1999; Yuan et al., 1999) . Importantly, c-abl has been shown to bind to p53 via its proline rich region (Goga et al., 1995; Yuan et al., 1996a Yuan et al., ,b, 1997a . This association occurs in response to gamma radiation and genotoxic drugs which in turn may contribute to the induction of G1 arrest (Yuan et al., 1996a (Yuan et al., ,b, 1997a .
Recent data shows that there is association between trk A and p53 (Montano, 1997) . When baculovirus expressed kinase-active trk A was co-immunoprecipitated with in vitro transcribed and translated wild type p53, at least 25 times more of the immunoprecipitated wild type p53 bound to trk A compared to the EGF receptor (EGFr). Similar results were obtained with anity immunopuri®ed trk A, EGFr and wild type p53 suggesting that binding was probably by direct interaction. When trk A was treated with increasing concentrations of protein phosphatase 1B and incubated with wild type human p53, it was possible to see that p53 bound only to phosphorylated trk A.
Expression of a murine temperature sensitive (ts) p53 mutant (Michalovitz et al., 1990) in PC12 cells overexpressing trk A (Hempstead et al., 1992) induced morphological changes in the absence of NGF stimulation at 328C (when p53 is in the wild type con®guration) but not at 378C (when p53 is in the mutant con®gura-tion). In cells dierentiated by p53, trk A, but not EGFr, was hyperphosphorylated on tyrosine. Interestingly, trk A was not phosphorylated when expressed in Saos-2 cells (human osteosarcoma cells that lack expression of both endogenous trk A and p53) (Masuda et al., 1987) at either temperature. However, transfection of ts p53 into these cells induced trk A hyperphosphorylation at 328C in the absence of NGF stimulation. Association of trk A and p53 was detected in NIH3T3 and PC12 cells coexpressing trk A and the ts p53 mutant, in NIH3T3 and PC12 cells transfected with trk A alone, and in untransfected PC12 cells, showing that overexpressed and endogenous trk A associated with endogenous low levels of p53. These data suggest that p53 may be involved in stimulation of signal transduction pathways (which mediate morphological cell changes) possibly through association with and hyperphosphorylation of trk A. Although the initial in vitro analysis of trk A and p53 association suggested that trk A and p53 bind by direct interaction, the possibility that other proteins may be involved in this complex could not be excluded. Analysis of proteins with binding motifs common to signalling proteins which could bind p53 and trk A showed c-abl as a possible candidate. Therefore, the association of c-abl with trk A and p53 was investigated.
To determine if endogenous c-abl was present in the p53 and trk A complex; cell extracts of NGF stimulated NIH3T3 cells expressing trk A (NIHtrk) and NIH3T3 cells expressing trk A and a ts p53 (val 135) mutant (NIHtrk+ts p53-2) grown at 32 or 378C respectively (Montano, 1997) were immunoprecipitated with PAb 248 (an antibody that recognizes murine p53 at amino acids 40 ± 52 (Yewdell et al., 1986) ). Immunoblotting analysis with anti-abl antibodies showed that endogenous c-abl was present in the immunoprecipitates (Figure 1a,b) . Interestingly, its presence was more easily detected in NGF stimulated cells. As controls extracts of NIH3T3 expressing ts p53 (NIH+tsp53) cells grown at 32 or 378C and NIH3T3 cells were immunoprecipitated with PAb 248. Immunoblotting with anti-abl antibodies also showed the presence of c-abl; thus indicating binding between p53 and c-abl had occurred as previously reported ( Figure  1a ) (Goga et al., 1995; Yuan et al., 1996a Yuan et al., ,b, 1997a . As a negative control c-abl was not detected in lysates of abl negative ®broblasts (abl
) immunoprecipitated with anti-abl ab-3 antibodies (which recognizes the cterminus of c-abl (Schi-Maker et al., 1986) ) ( Figure  1a ,b). These results suggest that endogenous c-abl is probably associating with the p53 and trk A complex and as shown by previous studies, to overexpressed or endogenous p53 alone (Goga et al., 1995; Yuan et al., 1996a Yuan et al., ,b, 1997a . However, in this analysis, p53 and c-abl association was detected in the absence of genotoxic stimulation.
When comparing the total amount of endogenous cabl immunoprecipitaed from NIH3T3 lysates with antiabl antibody ab-3 ( Figure 1a ) to bound c-abl, 35 ± 45% of endogenous c-abl present in NGF stimulated NIHtrk+tsp53-2 lysates from cells grown at 328C, associates with p53 and trk A (anti-abl ab-3 and PAb 248 have similar immunoprecipitation eciencies) whereas 20 ± 30% when NIHtrk+tsp53-2 cells are grown at 378C and in NIHtrk cells (Figure 1a, b) . Similar results were obtained when anti-trk A B-3 antibody (an antibody that recognizes the last 15 amino acids from the c-terminus of trk A), was used to immunoprecipitate lysates from NGF stimulated NIHtrk+ts p53-2 grown at 32 or 378C or NIHtrk cells followed by immunoblotting with anti-abl antibodies (data not shown). Comparison of the total amount of endogenous c-abl immunoprecipitated with anti-abl ab-3 to p53 bound cabl in NIH3T3 and NIH+tsp53 grown at 378C showed that 1 ± 5% c-abl associated with p53 and when NIH+tsp53 cells were grown at 328C 10 ± 20% indicating that endogenous wild type p53 can contribute to the association of ts p53 and c-abl in cells grown at either temperature and in the absence of trk A. As a control for association a duplicate experiment was carried out. Cell extracts of NGF stimulated NIHtrk+tsp53-2 grown at 328C, NIH3T3 and p53 negative cells (p53
) were immunoprecipitated with either anti-trk A B-3 or PAb 248 antibodies. Immunoblotting analysis with anti-trk 203 antibodies showed that PAb 248 was able to coprecipitate trk A associated with p53 and when comparing total to bound trk A, 25 ± 30% of the trk A from cell extracts associated with p53 in agreement with previous results (Montano, 1997) . PAb 248 did not appear to non-speci®cally recognize any other protein(s) (Figure 1c ). Total and associated p53 was detected after stripping and reprobing the blot with sheep anti-p53 antibodies (Figure 1a, b, c) .
To further our investigation we characterized antip53, anti-c-abl and anti-trk A antibodies for possible Oncogene Association of p53/c-abl/trk A A Brown et al non-speci®c cross-reactivity. Cell extracts from abl 7/7 cells were immunoprecipitated with anti-trk A B-3, anti-p53 PAb 248 or anti-abl ab-3. Immunoblotting with sheep anti-p53 antibodies showed that only PAb 248 recognizes endogenous p53 and that neither antitrk B-3 or ab-3 immunoprecipitated p53. p53 was not detected even after long exposures ( Figure 2a ). When cell extracts of abl 7/7 cells expressing transfected trk A (abl 7/7 trk A) were immunoprecipitated with either anti-trk A B-3 or anti-abl ab-3 antibodies, immunoblotting analysis with anti-trk 203 antibodies showed that only anti-trk A B-3 recognized trk A and that ab-3 did not cross react with this protein (Figure 2b ). The same result was obtained after prolonged exposures. Also, when cell extracts of p53 7/7 cells transfected with trk A (p53 7/7 trk A) were immunoprecipitated with PAb 248; immunoblotting analysis with anti-trk A 203 antibodies showed that PAb 248 did not immunoprecipitate trk A in agreement with previous data (Montano, 1997) . Therefore, these results show that PAb 248 and anti-abl ab-3 only recognize p53 and cabl respectively.
Cell extracts from p53 negative murine ®broblasts (p53
) were immunoprecipitated with PAb 248, antitrk A B-3 or anti-abl ab-3 antibodies. Immunoblotting analysis with anti-abl antibodies showed that PAb 248 did not immunoprecipitate c-abl; however, anti-trk A B-3 showed some cross-reactivity by recognizing very low levels of c-abl (when comparing immunoprecipitates of p53 7/7 and NIHtrk+tsp53-2 cell extracts with anti abl ab-3) which were only detectable after long exposures (Figure 2c ).
Figure 1 c-abl is detected during in vivo association of p53 and trk A. NIH3T3, NIHtrk, NIH+ts p53, NIHtrk+tsp53-2 (described in Montano, 1997) , and abl 7/7 ®broblasts were maintained in Dulbecco's Modi®ed Eagle's medium supplemented with 10% calf serum (Colorado Serum Co, CO, USA), 2 mM glutamine, 1 mM sodium pyruvate and 100 IU/ml Penicillin/ Streptomycin (Gibco ± BRL). Cell lines were maintained in 100 mg/ml G418 or 5 mg/ml Hygromycin B and passaged at 70 ± 80% con¯uency. p53 7/7 ®broblasts were maintained in Dulbecco's Modi®ed Eagle's medium supplemented with 10% heat inactivated foetal bovine serum (Gibco ± BRL), 2 mM glutamine, 1 mM sodium pyruvate and 100 IU/ml Penicillin/ Streptomycin (Gibco ± BRL). Cells were treated for 5 min at 32 or 378C with 100 ng/ml NGF, then were rinsed three times with 137 mM NaCl, 20 mM Tris-HCl pH 8.0 (Tris buered saline (TBS)) and lysed in 100 ml of ice cold 20 mM Tris-HCl pH 8.0, 137 mM NaCl, 1% NP-40, 10% glycerol. 1 mM PMSF, 20 mg/ml aprotinin, 1 mg/ml leupeptin, 0.5 mM sodium vanadate (lysis buer). Protein concentration was determined using the Biorad protein assay. Lysates were immunoprecipitated with anti-abl ab-3 (Oncogene), PAb 248 or anti-trk A B-3 antibodies (Santa Cruz Biotechnology) for 1 h and 30 min at 48C, precipitates were collected with 35 ml Protein G Sepharose for 1 h at 48C and washed three times with ice cold lysis buer. Pellets were boiled in sample buer containing 10% glycerol, 2% sodium dodecyl sulphate (SDS), 0.1 M dithiothreitol, 0.001% bromophenol blue. Samples were resolved on 7.5% SDS-polyacrylamide gels and the proteins transferred to nitrocellulose. Blots were blocked by incubation with 2% BSA (bovine serum albumin) in TBS for 1 h at room temperature, and incubated with, anti-abl antibodies (ab-3 and 8E9, Oncogene and Pharmingen respectively), sheep anti-p53 or anti-trk 203, diluted in TBS supplemented with 0.2% Tween-20 (TBS-T), overnight at 48C. Blots were then washed three times with TBS-T. Bound antibody was detected by incubation with peroxidase-conjugated anti-mouse, anti-sheep or anti-rabbit antibodies (Dako) at a dilution of 1 : 20 000 in TBS-T, for 1 h at room temperature and followed by three washes with TBS-T. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). (a) Similar amounts of lysates of NIH3T3, NIHtrk, NIH+tsp53, and abl 7/7 cells grown at 32 or 378C in the presence or absence of NGF stimulation were immunoprecipitated with PAb 248 or anti-abl ab-3. Samples were resolved in 7.5% SDS polyacrylamide gels. Immunoprecipitated proteins were transferred to nitrocellulose and probed with antiabl antibodies or sheep anti-p53 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The presence of endogenous c-abl immunoprecipitated with anti-abl ab-3 and c-abl associated with p53 in NIH3T3, NIHtrk and NIH+ts p53 cells when immunoprecipitated with PAb 248 was detected during long exposure periods. (b) Similar amounts of lysates of NIH3T3, NIHtrk+tsp53-2, and abl 7/7 cells grown at 32 or 378C in the presence or absence of NGF stimulation were immunoprecipitated with PAb 248 or anti-abl ab-3. Samples were resolved in 7.5% SDS polyacrylamide gels. Immunoprecipitated proteins were transferred to nitrocellulose and probed with anti-abl antibodies or sheep anti-p53 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The presence of endogenous c-abl associated with p53 in NIH3T3, and NIHtrk+tsp53-2 cells when immunoprecipitated with PAb 248 was detected during long exposure periods. (c) Similar amounts of lysates of NIHtrk+tsp53-2, NIH3T3 and p53 7/7 cells grown 32 or 378C respectively in the presence or absence of NGF stimulation were immunoprecipitated with PAb 248 or anti-abl ab-3. Samples were resolved in 7.5% SDS polyacrylamide gels. Immunoprecipitated proteins were transferred to nitrocellulose and probed with anti-trk 203 antibodies or sheep anti-p53 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The presence of trk A associatd with p53 in NIHtrk+tsp53-2 cells when immunoprecipitated with PAb 248 was detected during long exposure periods. These are representative of several experiments Association of p53/c-abl/trk A A Brown et al
To determine if endogenous c-abl associates with trk A in the absence of p53; cell extracts of NGF stimulated p53 7/7 trk A were immunoprecipitated with either PAb 248, anti-abl ab-3 or anti-trk A B-3 antibodies and analysed by immunoblotting. Incubation with anti-trk 203 antibodies showed that ab-3 coimmunoprecipitated c-abl and trk A whereas PAb 248 did not co-immunoprecipitate trk A in the absence of p53. Immunoprecipitation of cell extracts from p53 7/7 cells with anti-trk A B-3 followed by immunoblotting with anti-trk 203 showed that anti-trk A B-3 did not detect proteins of similar molecular weight to trk A. When comparing total to bound trk A, 20 ± 30% trk A present in cell extracts associates with c-abl (anti-abl ab-3 and anti-trk A B-3 have comparable immunoprecipitation eciencies) (Figure 3a) . Two unidenti®ed proteins of estimated molecular weight 170 and 110 kD can be detected by anti-abl ab-3 and anti-trk A B-3. These proteins have previously been shown to be immunoprecipitated independently of trk A (Montano, 1997) .
In a duplicate experiment, immunoprecipitation of cell lysates from p53 7/7 trk A cells with PAb 248, antitrk A B-3 or anti-abl ab-3 followed by immunoblotting with anti-abl antibodies shows anti-trk A B-3 coprecipitating endogenous c-abl whereas PAb 248 does not co-immunoprecipitate c-abl in the absence of p53. Figure 3b shows that the level of endogenous c-abl immunoprecipitated by anti-trk A B-3 antibodies from p53 7/7 trk A lysates is higher than the c-abl background level immunoprecipitated from p53 7/7 cell extracts alone, suggesting that although there is some background cross-reactivity, anti-trk A B-3 antibodies can co-precipitate trk A and c-abl. These experiments strongly suggest that trk A and endogenous c-abl can associate in the absence of p53.
Several studies have shown that ionizing radiation can activate and increase p53 protein levels (Shieh et al., 1997; Siliciano et al., 1997) . To assess if endogenous c-abl, is required for trk A/p53 association or, in the absence of c-abl, if endogenous p53 activated by g radiation can bind to trk A; p53
, abl 7/7 trk A and NIHtrk cells were subjected to g radiation (5 Gy) and NGF stimulation. Cell extracts were immunoprecipitated with PAb 248, anti-trk A B-3 or anti-abl ab-3. Immunoblotting analysis with anti-trk antibodies shows that in cell extracts from abl 7/7 trk A cells immunoprecipitated with PAb 248, trk A does not coprecipitate with endogenous p53 in the presence or absence of g radiation (Figure 4a) . However, trk A is present since it is detected in lysates immunoprecipitated with anti-trk A B-3 antibodies. trk A (total and bound to p53) can be seen following immunoprecipitation of extracts from NIHtrk cells with anti-trk A B-3 or PAb 248 respectively. Similarly, immunoblotting Figure 2 Analysis of anti-p53, anti-abl and anti-trk antibodies. NIH3T3, NIHtrk, NIHtrk+tsp53-2, (described in Montano, 1997) , abl 7/7 , abl 7/7 trk A, p53 7/7 and p53 7/7 trk A ®broblasts were maintained as indicated in Figure 1 . abl 7/7 or p53 7/7 cells were co-transfected with pMextrk (a plasmid coding for human proto-trk A) and pSV2neo using Lipofectamine as described by the manufacturers (Gibco ± BRL). 1610 5 cells were plated in 10 cm plates and incubatd overnight with media as described above. The cells were washed three times with serum free medium and DNA:Lipofectamine mix (15 ml:30 ml) was added to cells in 3 ml of serum free medium and left to incubate for 4 h at 378C, washed and incubated for another 48 h in medium supplemented with serum. Then colonies were selected in G418 (600 mg/ml) at 378C and resistant colonies were screened for trk A expression by immunoprecipitation with anti-trk A B-3 antibodies. abl 7/7 trk A cells were maintained in 100 mg/ml G418, and passaged at 70 ± 80% con¯uency. Cells were rinsed three times with TBS and lysed as indicated in Figure 1 . Protein concentration was determined using the protein BioRad assay (as of Figure 1 ). (a) Similar amounts of lysates of NIH3T3 and abl 7/7 cells were immunoprecipitated with anti-abl ab-3, PAb 248 or anti-trk A B-3 antibodies. Samples were resolved in 7.5% SDS polyacrylamide gels. Immunoprecipitated proteins were transferred to nitrocellulose and probed with sheep anti-p53 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The positions of p53 and immunoglobulin heavy chain (IgG-H) are indicated. (b) Similar amounts of lysates of p53 7/7 trk A, p53
, abl
, abl 7/7 trk A and NIHtrk cells were immunoprecipitated with anti-abl ab-3, PAb 248 or anti-trk A B-3 antibodies. Samples were resolved in 7.5% SDS polyacrylamide gels. Immunoprecipitated proteins were transferred to nitrocellulose and probed with anti-trk 203 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The position of trk A is indicated. and NIHtrk+tsp53-2 cells were immunoprecipitated with anti-abl ab-3, PAb 248 or anti-trk A B-3 antibodies. Samples were resolved in 7.5% SDS polyacrylamide gels. Immunoprecipitated proteins were transferred to nitrocellulose and probed with a mix of anti-abl antibodies (as of Figure 1 ). Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The position of c-abl is indicated. These are representative of several experiments Oncogene Association of p53/c-abl/trk A A Brown et al analysis with sheep anti-p53 antibodies shows that antitrk A B-3 antibodies do not co-precipitate trk A and endogenous p53 from lysates of abl 7/7 trk A cells; whether in the presence of high (g radiation induced) or low (non-induced) p53 levels as shown by immunoprecipitation of cell extracts with PAb 248. Importantly, endogenous p53 associated with trk A is seen during immunoprecipitation with anti-trk A B-3 of cell extracts from NIHtrk cells subjected to g radiation and stimulated with NGF ( Figure 4a) . As a control, neither trk A or p53 were detected in lysates of p53 7/7 cells after immunoprecipitation with anti-trk A B-3, PAb 248 or anti-abl ab-3 antibodies. A similar analysis was carried out with abl 7/7 cells and only the presence of endogenous p53 at low (non-induced) or high (g radiation induced) was detected after immunoprecipitation with PAb 248 (data not shown).
To determine if association between p53 and trk A can be detected after re-introducing c-abl protein expression, abl 7/7 trk A cells were transiently transfected with wild type c-abl, exposed to g radiation and stimulated with NGF. Cell lysates were immunoprecipitated with PAb 248 antibodies. Immunoblotting analysis with anti-trk or sheep anti-p53 antibodies showed the presence of trk A or p53 during long exposures (Figure 4b ). To con®rm if c-abl was expressed in these cells, in a duplicate experiment, lysates were immunoprecipitated with anti-abl ab-3 antibodies and analysed by immunoblotting with antiabl antibodies. This result showed the presence of c-abl. As a control for association, lysates from NGF stimulated NIHtrk cells were immunoprecipitated with PAb 248. Immunoblotting with anti-trk antibodies detected the presence of bound trk A and as a positive control trk A was also detected in lysates of abl 7/7 trk A cells after immunoprecipitation with anti-trk A B-3 (Figure 4b) .
These experiments suggest that the association between p53 and trk A is dependent on the presence of c-abl and that association between p53 and trk A (in the absence of c-abl) does not appear to take place even when p53 is activated and its levels increased by gamma radiation.
The results from this study give an indication that c-abl is probably acting as an adaptor or bridge between p53 and trk A. Immunoprecipitation of lysates from NIH3T3 or NIH+ts p53 cells with PAb 248 (which is a monoclonal antibody that uniquely recognizes p53 and has been shown to co-precipitate p53 and trk A (Montano, 1997)) followed by immunoblotting with anti-abl antibodies showed the presence of c-abl co-precipitated with p53 as shown by previous reports (Goga et al., 1995; Yuan et al., 1996a Yuan et al., ,b, 1997a . Binding between p53, c-abl and trk A was detected when cell lysates of NGF stimulated and non-stimulated NIHtrk+tsp53-2 as well as NGF stimulated NIHtrk cells were immunoprecipitated with PAb 248 followed by immunoblotting with anti-abl antibodies. In NIH+ts p53 and NIHtrk+ts p53-2 cells grown at 378C in the absence of NGF stimulation association levels appeared similar to those seen in NIH3T3 cells (when endogenous c-abl binds to endogenous p53 in the absence of trk A), indicating that endogenous c-abl associated with endogenous p53 can be detected in the absence of NGF stimulation. As expected, an increase in association was detected when p53 was overexpressed in NIH3T3 cells expressing ts p53 and grown at 328C. Finally, if bound c-abl from NIHtrk+ts p53-2 cells grown at 328C in the absence of NGF is compared to bound c-abl in NIH+ts p53 cells grown at 328C, it can be seen that similar amounts of c-abl bind to p53. However, a dramatic increase in association was detected when NIHtrk+ts p53-2 cells were stimulated with NGF suggesting that activation of trk A by NGF plays a role during trkA/c-abl/p53 association. Similar results were obtained when cells lysates were immunoprecipitated with anti-trk B-3 antibodies and the blots incubated with anti-abl antibodies (data not shown).
The results of these experiments also suggest that transfected trk A can associate with endogenous levels of c-abl and overexpressed or endogenous levels of p53. Since the interaction between trk A and p53 was trk A ®broblasts were grown as indicated in Figure 1 . NIHtrk+tsp53-2 and p53 7/7 trk A cells grown at 32 or 378C respectively were stimulated for 5 min with 100 ng/ml NGF, then rinsed three times with TBS and lysed as indicated in Figure 1 , p53 7/7 trk A and abl 7/7 cells were immunoprecipitated with anti-abl ab-3, PAb 248 or anti-trk A B-3 antibodies. Samples were resolved on 7.5% SDS-polyacrylamide gels and the proteins transferred to nitrocellulose. Blots were incubated with a mix of anti-abl antibodies (as of Figure 1 ). Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The position of c-abl is indicated. The presence of trk A associated with endogenous c-abl or of endogenous c-abl to trk A in p53
A cells was detected after long exposure periods. These are representative of several experiments Association of p53/c-abl/trk A A Brown et al Figure 4 c-abl is involved in p53 and trk A association. NIH3T3, NIHtrk (Montano, 1997) , abl 7/7 trk A and p53 7/7 cells were grown to 70 ± 80% con¯uency and maintained as indicated in Figure 1 . (a) Cells were exposed to 5 Gy gamma irradiation, returned to the incubator for 1 h and/or treated for 5 min at 378C with 100 ng/ml NGF, then were rinsed three times with TBS and lysed as indicated in Figure 1 . Protein concentration was determined using the BioRad protein assay. Similar amounts of lysates of p53 7/7 , abl 7/7 trk A and NIHtrk cells were immunoprecipitated with anti-abl ab-3, PAb 248 or anti-trk A B-3 antibodies. Samples were resolved on 7.5% SDS-polyacrylamide gels and the proteins transferred to nitrocellulose. Blots were incubated with a mix of anti-trk antibodies (anti-trk A B-3, TA-1 and anti-mctrk mix Santa Cruz biotechnology, Oncogene Science) or with sheep antip53 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The positions of trk A, p53 and immunoglobulin heavy chain (IgG-H) are indicated. (b) abl 7/7 trk A cells were transiently transfected with pBK CMV abl (a plasmid coding for murine c-abl) using Lipofectamine as described by the manufacturers (Gibco ± BRL). 1610 7 cells were plated in 15 cm plates and incubated overnight with media as described above. The cells were washed three times with serum free medium and DNA:Lipofectamine mix (8 mg:20 ml) was added to cells in 3 ml of serum free medium and left to incubate for 4 h at 378C, washed and incubated further for only 18 h in medium supplemented with serum. Then cells were exposed to 5 Gy gamma radiation, returned to the incubator for 1 h and stimulated with 100 ng/ml NGF for 5 min at 378C. Cells were rinsed three times and subjected to lysis as indicated in Figure 1 . Similar amounts of lysates of abl 7/7 trk A, abl
, NIHtrk and cells were immunoprecipitated with anti-abl ab-3 antibodies, PAb 248 or anti-trk A B-3 antibodies. Samples were resolved in 7.5% polyacrylamide gels. Proteins were transferred to nitrocellulose and probed with a mix of anti-trk antibodies (as of a)) or sheep antip53 antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The positions of trk A, heavy chain (IgG-H), p53 are indicated. The presence of trk A associated with endogenous p53 in abl 7/7 trk A+c-abl cells was detected after long exposure periods. To test for the presence of c-abl in c-abl transfected abl 7/7 trk A cells, similar amounts of lysates (as in the above experiment) were immunoprecipitated with anti-abl ab-3 and ®ve times less lysate was used to immunoprecipitate c-abl from NIH3T3 control lysates. Samples were resolved in 7.5% polyacrylamide gels. Proteins were transferred to nitrocellulose and probed with a mix of anti-abl antibodies. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham). The position of c-abl is indicated. The presence of c-abl in abl 7/7 trk A+c-abl cells was detected after long exposure periods. These are representative of several experiments previously shown in PC12 cells; a similar analysis was carried out in cell lysates of PC12 cells expressing trk A and ts p53 and in non-transfected PC12 cells (Montano, 1997) . Immunoprecipitation with PAb 248 or anti-trk A B-3 antibodies followed by immunoblotting with anti-abl antibodies also showed the presence of endogenous c-abl indicating that in the presence of overexpressed and endogenous levels, trk A, p53 and cabl can associate (data not shown). Although there are reports showing that p53 and c-abl bind after stimulation by g radiation or genotoxic drugs (Yuan et al., 1996a (Yuan et al., ,b, 1997a , we were able to detect p53/c-abl association in the absence of either stimuli and in the presence or absence of NGF stimulation, suggesting that p53/c-abl association can also take place through unknown mechanisms which need to be studied further.
To continue with this investigation it was important to characterize the speci®city of the antibodies used for these analyses. PAb 248, anti-abl ab-3 and anti-trk A B-3 were chosen as these antibodies have been previously characterized and used to detect p53/trk A or p53/c-abl associations (Goga et al., 1995; Yuan et al., 1996a Yuan et al., ,b, 1997a Montano, 1997) . Immunoprecipitation with PAb 248 or anti-abl ab-3 of cell lysates from abl negative ®broblasts which express endogenous p53 showed that neither anti-trk A B-3 or anti-abl ab-3 recognized p53 after immunoblotting with anti-p53 antibodies. Also, when anti-abl ab-3 was used to immunoprecipitate lysates from abl negative cells expressing trk A it was possible to see that anti-abl ab-3 did not recognize trk A after immunoblotting with anti-trk antibodies. Immunoprecipitation of cell lysates from p53 negative ®broblasts expressing trk A with PAb 248 followed by immunoblotting with anti-trk, did not show cross reactivity with trk A as previously reported (Montano, 1997). Thus, anti-abl ab-3 and PAb 248 can only recognize c-abl and p53 respectively in agreement with published results (Yuan et al., 1996a (Yuan et al., ,b, 1997a Montano, 1997) . Immunoprecipitation of lysates from p53 negative ®broblasts (which express endogenous c-abl) with anti-trk A B-3 followed by immunoblotting with anti-abl antibodies showed a very low level of cross reactivity with c-abl. A collection of commercially available antibodies and those provided by other laboratories were tested as above, but in all cases they gave similar results. The least cross-reactivity was obtained with anti-trk A B-3; hence, this was the antibody of choice.
To determine if c-abl can act as a bridge between p53 and trk A or if it binds to p53 alone, lysates from p53 negative murine ®broblasts transfected with trk A and expressing endogenous c-abl were immunoprecipitated with anti-abl ab-3 antibodies; immunoblotting analysis with anti-trk antibodies showed that both proteins were able to co-precipitate suggesting that cabl and trk A can associate in the absence of p53. Although anti-trk A B-3 had low levels of cross reactivity with c-abl; binding was detected as the level of endogenous c-abl co-immunoprecipitated by anti-trk A B-3 was higher than the level of background recognition. These experiments suggest that trk A and c-abl can bind in the absence of p53; however, we cannot exclude the possibility that other proteins might participate in this complex.
There is strong evidence demonstrating that p53 is activated and its levels raised in response to ionizing radiation (IR). It has been shown that IR induces p53 phosphorylation by activating protein kinases (Shieh et al., 1997; Siliciano et al., 1997) . Interestingly, p53 acetylation can also be induced after exposure to IR (Gu and Roeder, 1997) . Posttranslational modi®cations such as phosphorylation and acetylation give rise to conformational changes which in turn propagate through the whole molecule and thus aect proteinprotein interactions. We wanted to establish whether (a) non-induced or IR induced p53 could bind to trk A in the absence of c-abl, and (b) c-abl is required for trk A/p53 association. Immunoprecipitations with PAb 248, anti-trk A B-3 or anti-abl ab-3 of lysates from g-irradiated, non-irradiated and NGF stimulated abl negative murine ®broblasts transfected with trk A followed by immunoblotting with anti-trk or sheep anti-p53 antibodies, showed that p53 and trk A did not appear to bind in the absence of c-abl, even when p53 was activated and its levels raised by g radiation treatment. However, after re-introduction of c-abl expression into abl negative ®broblasts expressing trk A, association of p53 and trk A was restored as seen when immunoprecipitated by PAb 248 followed by immunoblotting with anti-trk antibodies. Similar results were obtained after immunoprecipitation with anti-trk A B-3 and immunoblotting analysis with sheep anti-p53 antibodies (data not shown). In agreement with other reports we were only able to detect low levels of c-abl expression following transfection (Kharbanda et al., 1995; Marttioni et al., 1995; Welch and Wang, 1995) . This result suggests that c-abl is required for p53 and trk A association and that the p53 conformational changes induced by postranslational modi®cations do not appear to induce association with trk A in the absence of c-abl.
Mapping of the p53 binding site shows that amino acids 1 ± 13 to 19 ± 43 and 327 ± 338 appear to be involved in trk A/c-abl/p53 association (C Browes, J Rowe, A Brown and X Montano, manuscript submitted), suggesting that the transactivation domain and the amino terminus of the oligomerization domain of p53 participate in this interaction. Although the consensus is that the c-terminus has`sticky' properties (Prives, 1994) , in this case, stickiness does not appear to be the major source of the trk A/c-abl and p53 interaction.
Preliminary experiments show that the critical ATP binding site of c-abl is not involved in trk A association as wild type and a point mutant c-abl at L245H Wang, 1993, 1995) appear to associate with trk A.
Previous analyses demonstrate that p53 and c-abl participate in the regulation of the same cellular processes. For example they can shuttle between the nucleus and the cytoplasm and when cells are exposed to DNA damaging agents such as ara-C or g radiation (which can activate c-abl), a complex between p53 and c-abl can be detected. Interestingly, the p53/c-abl association can enhance the transactivation activity of p53 (Goga et al., 1995; Yuan et al., 1996a) and the importance of this association has been made relevant in studies showing that c-abl can induce G1 growth arrest by a p53 dependent mechanism (Yuan et al., 1996b) . Most recently there is data showing that c-abl can be activated after growth factor stimulation (Plattner et al., 1999) which in agreement with data presented in this study suggests that c-abl is involved in receptor tyrosine kinase signalling.
This investigation has focused on a possible mechanism by which p53 binds to trk A. The results of this study show that c-abl can associate with p53 and trk A tyrosine kinase receptor which is indicative of a possible new role for c-abl in signal transduction through receptor tyrosine kinases. Initial results suggested that p53 is acting possibly as an internal ligand for trk A (Montano, 1997) . It will be important to de®ne if the c-abl/p53 complex is acting as a ligand that activates trk A signalling by inducing conformational changes and novel phosphorylations, or if c-abl, independently of p53, participates in trk A signalling inducing a new pathway in which one of the downstream eectors is p53. Data in this report suggest that c-abl functions as a bridge or adaptor between p53 and trk A which is a novel role for c-abl. Overall the association of trk A, c-abl and p53 could lead to the activation of novel signal transduction pathways.
